There are three mechanisms by which foreign DNA may enter a prokaryotic organism: conjugation between Gram-negative bacteria, uptake of exogenous DNA (transformation) and infection by viral (bacteriophage) nucleic acid. The interaction between a bacteriophage and its host bacterial cell has been extensively investigated. A bacterium can restrict phage infection through its ability to degrade the infectious DNA on entry into the cell. This is achieved by site-specific deoxyriboendonucleases, called restriction endonucleases, that cleave DNA into a limited, but defined, number of fragments, which are then susceptible to exonuclease attack. The bacterium can prevent cleavage of its chromosomal DNA by site-specific methylation of the nucleotide bases, for which another activity, the DNA-modification methylase, is responsible. The modification methylase can also modify bacteriophage DNA on entry into the cell, thus making the modified phage DNA resistant to the action of the restriction endonuclease. Although the modification methylase protects the host bacterial chromosome, it can also afford protection to the invading phage DNA; as a result, phages grown in a given bacterial strain are insensitive to restriction by that strain.
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Prouidencia stuartii 164 R Over 100 Class I1 restriction endonucleases have now been isolated and the recognition sequences of a large number of these have been identified (Roberts, 1976) . The nature of the nucleotide sequence can be used as a basis for the classification of these enzymes since the number and nature of nucleotides within the recognition sequence varies from enzyme to enzyme (Table 1) . Those enzymes from different bacteria that recognize identical nucleotide sequences are termed isoschizomers. Since DNA is duplex and the two strands are complementary, any sequence within the molecule is of a palindromic nature. Restriction endonucleases recognize the palindromic sequence, but, for simplicity, only the sequence in one strand in the 5'-to -3' direction is given in the Table 1 . Table 1 shows that the vast majority of Class I1 restriction endonucleases recognize either tetrameric or hexameric nucleotide sequences. There are 16 possible combinations of nucleotide bases within a tetrameric recognition sequence and seven of these have been attributed to known enzymes. With the hexameric recognition sequence there are 64 possible combinations, but only 16 have been identified to date. Relatively few endonucleases recognizing pentameric sequences are known, and with both pentameric and hexameric nucleotide sequences a decrease in specificity can occur when substitution of any nucleotide, or a purine or a pyrimidine, in place of a defined base occurs; e.g. endonuclease ApoI recognizes -G-T-T-A-A-C-, whereas endonuclease Hind11 recognizes -C-T-Y-R-A-C-, and as a consequence endonuclease ApoI has 11 sites and endonuclease Hind11 has 34 sites on I-phage DNA.
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The position of cleavage within a palindromic recognition sequence can give rise to one of two possible termini, i.e. a terminus with a short single-stranded nucleotide extension (cohesive end) or a terminus having full complementary base-pairing (flush end). For example see Scheme 1.
Evidence, particularly from kinetic studies with endonuclease EcoRI, show that restriction endonucleases producing cohesive terminii do not cleave both strands simultaneously (Modrich & Zabel, 1976) . Isoschizomeric enzymes, which by definition recognize the same palindrome, do not necessarily cleave in the same position; the best example of this is with the sequence -C-C-C-G-G-G-, where endonuclease SmaI cleaves : whereas endonuclease XmaI cleaves :
resulting in the production of flush and cohesive ends respectively. An interesting feature of the three enzymes, endonucleases HphI, HgaI and MboII, all of which recognize similar pentameric sequences, is that they cleave eight or nine base-pairs to the 3'-end of the recognition sequence, indicating that the cleavage site is distinct from the recognition site, and endonuclease HgaI produces a unique five-base cohesive terminus.
Statistically, within a DNA molecule the likelihood of a tetrameric palindrome occurring is considerably higher than a hexameric one. Thus more than 50 cleavage sites occur in I-phage DNA for all tetrameric-sequence-dependent enzymes, whereas between one and 18 sites occur for hexameric-sequence-dependent enzymes (except those with a purine-pyrimidine decreased specificity). Two interesting points arise from acomparison of the number of cleavage sites within two species of DNA: (i)endonuclease
Hpall (-C-C-G-G-) gives greater than 50 cuts on I-phage DNA, but gives only one on virus-SV40 DNA, a molecule one-tenth its size, yet endonuclease MboI (-G-A-T-C-) gives the predicted eight cuts, whereas endonuclease HaeIII (-G-G-C-C-) gives 18 with virus-SV40 DNA; (ii) endonuclease TaqI (-T-C-G-A-) has only one cleavage site in virus SV40, whereas the 3 ' 4 5 ' reading (-A-G-C-T-) recognized by endonuclease AZuI gives 32; this appears to be inconsistent with the predicted occurrence of these tetranucleotide sequences with the DNA molecule. The inference from these points is that the distribution of a given nucleotide sequence in DNA may not be predictable and that other factors in the structure of native DNA and the recognition sequence may determine whether a specific sequence is available to, or recognized by, the enzyme. Non-specific methylation of the cytosine moiety of a -C-G-sequence is known to occur extensively in eukaryotic systems. This gives rise to a marked decrease in the number of observed cleavages with enzymes having this dimer within their recognition sequence, e.g. endonucleases HpaII and TaqI. Partial digestion of I-phage DNA with small amounts of endonuclease EcoRI shows that one site is cleaved 10 times more frequently than the other four (Thomas & Davis, 1975) ; furthermore partial digestion of pVH51-plasmid DNA under endonuclease EcoRI conditions again shows that some of the recognition sites are cleaved at different rates (Polisky et al., 1975) . The substrate specificity of endonuclease EcoRI can be varied in vitro by changing the pH and ionic environment of the reaction. Cleavage of the specific hexanucleotide sequence occurs when the ionic strength is high and at approximately neutral pH (endonuclease EcoRI activity), whereas lowering the ionic strength and using alkaline pH or substituting MnZ+ for Mgz+ results in a decrease of specificity (EcoRI*; Polisky et al., 1975) , as shown in Scheme 2.
Another activity, endonuclease EcoRI', which recognizes the sequence :
. 1
has been identified in extracts of E. coli containing endonuclease EcoRI activity. This may be a separate enzyme or an aggregated from of endonuclease EcoRI. When considering the physiological implications of restriction endonucleases it is apparent that an organism containing any enzyme of low specificity will be more efficient in the restriction of phage DNA, since the efficiency of restriction is proportional to the number of cleavage sites within a DNA molecule, It is therefore interesting to note that 'pathogenic' micro-organisms, which have to grow in an environment of a highly selective and competitive nature, all contain an enzyme of low specificity, e.g. the Haemophilus group. Furthermore, when Haemophilus influenzae Rd was subjected to environmental stress, the ability to produce the enzyme of low specificity, endonuclease HindII, was retained, whereas endonuclease Hind111 was lost (B. J. Capel & A. Carmen, personal communication) .
Modification methylases
The modification reaction is essentially methylation by the modification DNA methylase to give N6-methyladenosine or 5-methylcytosine within the restriction-endonuclease
Endonuclease EcoRI* Scheme 2. Decreased specificity caused by changed reaction environment
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recognition sequence where S-adenosylmethionine is the methyl-group donor. The use of radioactively labelled S-adenosylmethionine as donor in the modification of DNA in vitro has helped in the location and identification of the recognition sequence. Kinetic studies indicate that one strand of the duplex is rapidly methylated, whereas introduction of the second methyl group on the other side of the palindrome is slow, the introduction of the first methyl group being sufficient to prevent restriction by the endonuclease. As semi-conservative replication yields heteroduplex DNA molecules in which the newly synthesized strand is unmodified, the above observation is of critical importance to the cell so that restriction of newly synthesized heteroduplex molecules cannot occur.
The mechanism by which methylation of DNA prevents the action of endonucleases has not been fully investigated, however the Class I endonuclease EcoK will not bind to modified DNA, whereas it can be demonstrated that the Class I1 endonuclease EcoRI will bind, but not cleave, modified DNA. Paradoxically, endonuclease Dpnl has been shown to specifically cleave DNA only when it is methylated, yielding fragments identical with those from cleavage with endonuclease DpnII, which only cleaves unmodified DNA. The function of endonuclease DpnI within the cell is unknown and difficult to envisage.
3. Assay of the endonuclease andmethylase activity Class I restriction endonucleases, which do not generate specific DNA fragments, can only be assayed by a comparison of their ability to degrade unmodified and modified DNA. Such techniques involve monitoring changes in biological activity, ATPase activity, viscosity, sedimentation velocity, filter binding and the release of oligonucleotides from radioactive DNA. Although these methods can also be used for Class I1 endonucleases, they have been largely replaced by the more rapid and simple assay based on the generation of defined and discrete fragments produced after digestion of relatively small DNA molecules : I-phage, plasmid Col El, virus SV40 etc. These fragments can be separated by electrophoresis in agarose and polyacrylamide gels, and in the presence of ethidium bromide they can be located by their fluorescence under U.V. light. This method is very sensitive, inexpensive, can be quantified by using 32P-labelled DNA, and can be applied to a large number of samples simultaneously by using slab gels. A unit of endonuclease activity is usually defined as that which completely digests lpg of DNA substrate in 1 h at a given temperature. Homogeneous endonuclease EcoRI, for example, has a specific activity of 2.5 x 106units/mg of protein with I-phage DNA as substrate at 37°C under optimal assay conditions (A. H. A. Bingham & A. Atkinson, unpublished work). A characteristic feature of all Class I1 restriction endonucleases is their inhibition by high concentrations of NaCl or KCI and particularly by phosphate. The degree of inhibition is variable, e.g. endonuclease HpaI can tolerate a concentration of 60mM-KCI, whereas endonuclease HpaII is completely inactive under these conditions, being optimally active at ~~M -K C I .
This has proved useful, since it is possible to select the endonuclease HpuI activity in a mixture of the two enzymes. In general NaCl has a similar affect in assays as KCI, but very much higher concentrations of the former are required to inhibit sensitive restriction enzymes. With low-specificity enzymes giving a large number of fragments it is sometimes difficult to assess the total number of cleavage sites within a DNA molecule, since only partial digestion is observed: e.g. endonuclease TaqL routinely yields seven to IS fragments with I-phage DNA in incubations of up to 1 h duration. Similarly, complete digestion with endonuclease EcoRII is difficult to obtain owing to non-specific methylation of the substrate DNA. This problem can be circumvented by the production of phage in a methylase-deficient host.
The DNA-modification methylase is usually assayed by measuring the incorporation of methyl groups with an unmodified DNA substrate by using S-aden~syl-[methyl-~H]-or -[methyP4C]-methionine. The efficiency of incorporation can be increased by using single-stranded DNA ; however, the rate is very low when compared with methylation in vivo.
Growth andpurification
Little is known about the regulation and biosynthesis of restriction and modification activities, and most of the genetic mutants found seem to be of a catalytic rather than a regulatory nature (Arber, 1974) . Although a large number of bacterial species produce the enzymes constitutively, some strains only produce the endonuclease under quite fastidious growth conditions, e.g. Serratia rnarcescens. With Streptornyces albus the composition of the growth medium strongly governs the physiology of the cell and dictates which of the endonucleases SalI, SalII or SalIII is expressed. For these reasons rich media have been avoided and the use of relatively 'thin' media such as standard Luria broth or Nutrient broth has been preferred. However, our observations with Bacillus amyloliquefaciens strains H1 and RUB 500 show that endonuclease Bum1 is not produced on Luria broth, but is produced on Brain Heart infusion or Penassay broths. Although most bacterial genera have at least one example of a restrictionendonuclease-containing species, the enzyme activity varies dramatically from organism to organism. Endonucleases HaeIII (Haernophilus aegyptius) and BspI (Bacillus sphaericus) are produced in very large amounts, whereas endonucleases BluI (Brevibacterium luteurn) and Bcll (Bacillus caldolyticus) are present in only small quantities. High EcoRI and EciRII restriction and modification activities (30mg of endonuclease EcoRIlkg of cell paste), which are plasmid-mediated, result from multiple copies of the plasmid within the cell (Betlach ef al., 1976) . Although it appears that chromosomal coding of the endonuclease and methylase genes occur in many cases, the location may be within a prophage such as the suggested cryptic prophage mediating endonuclease BsuRI.
Homogeneous endonuclease preparations are not essential for most of their applications asgenetictools; complete removalof non-specificnucleases is all that is necessary. The preliminary step in the purification procedure is the removal of nucleic acids, which can be achieved by either (i) precipitation with streptomycin sulphate or poly(ethy1ene-imine), or (ii) gel filtration on Bio-Gel A OSM, Sephacryl S-200 or Sepharose CL-6B in high-salt buffers. In low-salt buffers, poly(ethy1eneimine) precipitates endonuclease EcoRI bound to cellular DNA, which can then be eluted, givingaremarkablepurification of the enzyme (Bingham et al., 1977) . Further purification is achieved by utilizing the affinity of these enzymes for cationic matrices having a high negative charge and thus mimicking the DNA substrate. The most common are phosphocellulose, SP-Sephadex and hydroxyapatite, although DNA-cellulose, DNA-agarose, and Blue Dextran-and heparin-agarose have been used. In addition, where more than one endonuclease is present within a cell, e.g. endonucleases Hind11 and HindIII, separation of the activities can often be achieved by chromatography on DEAE-cellulose or -Sephadex. If nonspecific nucleases are still present at this stage two alternative procedures are available: (i) gel filtration or (ii) hydrophobic chromatography, e.g. endonuclease HpaI on waminopentyl-Sepharose (Roberts, 1976) and endonuclease EcoRI on w-aminodecylSepharose.
Most of the published purification procedures have been designed to obtain the enzyme from small quantities of starting material, up to 50gof cell paste, for genetic work, and are not practical on a large scale. In particular, the use of gel filtration or (NH&S04 is not suitable on a 5-25 kg scale, and as a result nucleic acid precipitation followed by ion-exchange chromatography, e.g. phosphocellulose, are the preferred steps. For example, it has proved possible to obtain yields of 8mg of homogeneous EcoRI endonuclease/kg of cell paste from 25kg of starting material (A. H. A. Bingham & A. Atkinson, unpublished work) .
The purification of the DNA-modification methylases broadly follows the procedures outlined above.
Enzyme characterisics
Class I restriction endonucleases (EcoK, EcoB and EcoPI) have been shown to be composed of three gene products (Arber, 1974) . Endonucleases EcoK and EcoB are similar, with polypeptides of approximate mol.wts. 135000 (a), 60000 (8) and 55000 (y) , and a subunit composition for the native enzyme of 2:2:1 (a:B:y), resulting in native molecular weights for these enzymes in excess of 400OOO. Modification methylase activity associated with endonucleases EcoK and EcoB can be attributed to enzyme oligomers containing one y-subunit and a variable number of 8-subunits (Meselson  et al., 1972) . Endonuclease EcoPI, an example of phage (PI)-mediated restriction and modification system that effectively eliminates infection by other unmodified phage, has a mol.wt. of 200000, and again three polypeptide chains, of mol.wts. 90000,62000and 49000, are necessary for restriction-endonuclease activity. All the above systemsare labile and easily undergo dissociation and reassociation on storage (Arber, 1974) .
Only three Class I1 restriction endonucleases, EcoRI (mol.wt. 60000), BsfI (97000) and BspI (30000), have been reported purified to homogeneity Catterall & Welker, 1976; Kiss et al., 1976 ; respectively); these enzymes are small compared with Class I enzymes. Two other enzymes examined by gel filtration in partially purified preparations are endonuclease EcoRII (mol.wt. 85OOO; RoullandDussoix et al., 1974) and endonuclease Taq I (mol.wt. 45000), and several other enzymes examined; endonucleases HindII, Hind111 and XmaI appear to have mol.wts. in the range 50000-90000. Sodium dodecyl sulphate/polyacrylamide-gel electrophoresis has revealed that endonuclease EcoRI is a dimer (2 x 28 500), and endonuclease EcoRII is also thought to be a dimer (2x42000). Modrich & Zabel (1976) have suggested that endonuclease EcoRI exists in solution as a mixture of dimers (mol.wt. 57000) and tetramers (mol.wt. 114000). At enzyme concentrations above 25,ug/ml the tetramer predominates, whereas below 10,ug/ml the dimer is the major species; the dissociation constant for dimer into tetramer is ~O-'M. We have isolated the endonuclease EcoRI monomer (28 500), which cleaves 12-phage DNA; however, it is not yet known whetherthe monomer associates to give the active species, i.e. of mol.wt. 57000 or 114000, in the presence of the DNA. A similar situation has been observed with endonuclease BstI, where two apparently active species, mol.wt. 25000 at low protein concentration and 100000 at high protein concentrations, have been detected (C. Clarke, personal communication). We are at present isolating and studying several enzymes and it is becoming more apparent that the phenomenon of aggregation and dissociation is a common feature of Class I1 restriction endonucleases.
The catalytic properties of restriction endonucleases have not been examined in detail. Preliminary kinetic studies on endonuclease EcoRI (Modrich & Zabel, 1976) have shown that with plasmid-ColEl DNA the K,,, for the enzyme is 8 x 1 0 -9~ and the turnover number is 4 double-strand scissions/min at 37°C; the second break in the recognition sequence is slow relative to the first and the rate-limiting step is release of the enzyme from its substrate. Comparative data with virus-SV40 DNA indicate 1.5 double-strand scissions/min and a K,,, of 3x ~O-'M at 15°C (Greene et a/., 1975) .
The turnover numbers in vitro are lower than one might expect.
Relatively little research has been carried out on the physical and catalytic properties of the modification methylase in Class I1 activities. The endonuclease EcoRI modification methylase has been purified to homogeneity and is a monomer of mol.wt. MOO0 (Roulland-Dussoix et al., 1974) .
Application
The discovery of restriction endonucleases in the late 1960's and their subsequent purification has led to a major advance in the field of genetic analysis and manipulation in vitro, and has been extensively reviewed (Nathans & Smith, 1975; Murray et af., 1975; Roberts, 1976) .
One of the principal applications of restriction endonucleases has been the physical mapping of viral DNA genomes, e.g. virus SV40, polyoma, adenovirus 2, viruses 9x174 and Fd. With the wide variety of restriction enzymes now available it is usually possible to find an enzyme giving a small number of fragments with the DNA molecule under investigation, thus greatly facilitating construction of a physical map, since it is simpler to construct a map with a small number of fragments. The procedures for determining a physical map of a DNA molecule are well documented (Roberts, 1976) and can be regarded as the primary step in a more detailed study of the genome. Each point of cleavage within a physical map is a reference point by which regions of the genome can be isolated and the transcription and translation products examined to correlate with known chromosomal markers. An excellent example of this approach has been the analyses of the adenovirus and virus-4x174 genomes Compton & Sinsheimer, 1977) , where the alignment of physical and genetic maps has been achieved and the location of mutant and wild-type genes established (Mautner et al., 1975) .
There is an ever-increasing number of examples of the mapping of chromosomal functions by the use of restriction endonuclease, e.g. the location or the origin and termini of replication in viruses and location of the biologically active regions of virus SV40 and adenovirus, which are responsible for transformation in animal cells. This topic has been reviewed in detail (Nathans & Smith, 1975; Roberts, 1976) .
The other major application of restriction endonucleases is the use of those that generate cohesive termini in the construction of heterologous recombinant DNA molecules (Murray et al., 1975 ; Murray, 1976) . The complementary single-stranded nucleotide sequences (cohesive termini) produced by some restriction endonucleases will readily reassociate by base-pairing of the single-stranded regions. After cohesion of the complementary sequences covalent bonds can be re-formed by the action of DNA ligase from E. coli. It has been reported that flush-ended DNA fragments can also be rejoined by utilizing bacteriophage-T,-specified polynucleotide ligase. Any restriction enzyme producing cohesive terminii must generate identical nucieotide sequences, therefore any two fragments produced by the same enzyme will readily associate to produce a recombinant DNA molecule. Thus a fragment of DNA of particular interest can be inserted into a vector DNA molecule (plasmid or phage) and cloned in a suitable competent host (the recipient organism).
It can be expected that endonuclease PstI and its isoschizomers (see Table 1 for recognition sequence) will prove important enzymes for genetic manipulations since the 3'-end extensions they produce are more resistant to exonuclease degradation than the more usual 5'-end extensions. Another example is endonuclease Hue11 and its isoschizomers, but is less important owing to its decreased specificity.
A unique group of three endonucleases has been idectified:
. 1 it is possible to anneal fragments generated by any of these enzymes, and upon ligation a hybrid sequence is produced that is n o longer recognized by the endonuclease used to generate the original fragments (see Scheme 3). This has proved very useful, since it is possible to insert a DNA sequence into a vector molecule and after ligation the inserted fragment cannot be removed by digestion with these enzymes. Therefore this technique can be used t o select recombinant molecules before transformation/transfection of the recipient host.
A number of examples of molecular cloning of DNA fragments in E. coli have been reported in the literature, e.g. hybrid E. coliplasmids, rabbit 8-globin genes, Drosophilu ribosomal RNA genes, the E. coli tryptophan operon and the histidine operon of yeast etc. However, it should be noted that major difficulties exist with expression of eukaryotic genes in an E. coli host; nevertheless extensive research in progress may eventually solve this problem. 
